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A Hedgehog-Responsive Region in the Drosophila
Wing Disc Is Defined by Debra-Mediated
Ubiquitination and Lysosomal Degradation of Ci
Ci-75 is localized in the nucleus and acts as a repressor
and suppresses the expression of Hh-responsive genes
including dpp and hh (Domı´guez et al., 1996; Me´thot
and Basler, 1999). In A compartment cells near the A/P
boundary, on the other hand, Hh signaling prevents the
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Japan proteolytic processing of Ci and stimulates the activity
of the pool of full-length Ci (Ci-155) that has accumulated
in the cell (Aza-Blanc et al., 1997; Chen et al., 1999). Hh
signaling also negates the inhibitory effects of Costal2Summary
(Cos2), a kinesin-related protein (Robbins et al., 1997;
Sisson et al., 1997), cAMP-dependent protein kinaseTranscription factor Ci mediates Hedgehog (Hh) sig-
naling to determine the anterior/posterior (A/P) com- (PKA) (Pan and Rubin, 1995; Li et al., 1995; Lepage et
al., 1995), and Suppressor of fused [Su(fu)] (Monnier etpartment of Drosophila wing disc. While Hh-inducible
genes are expressed in A compartment cells abutting al., 1998). Ci, Su(fu), and Cos2 are normally found in a
complex that docks at microtubles. The tight binding ofthe A/P border, it is unclear how the boundaries of
this region are established. Here, we have identified this complex to microtubles, which blocks the nuclear
entry of Ci, is prevented by Hh signaling. The positivea Ci binding protein, Debra, that is expressed at rela-
tively high levels in the band abutting the border of regulator Fused (Fu), a serine-threonine kinase (Pre´at,
et al., 1990), is also localized in this complex and isthe Hh-responsive A compartment region. Debra me-
diates the polyubiquitination of full-length Ci, which thought to inhibit the inhibitory role of Cos2 and Su(fu)
(Ohlmeyer and Kalderon, 1998; Wang et al., 2000). Afterthen leads to its lysosomal degradation. Debra is local-
ized in the multivesicular body, suggesting that the its nuclear entry, Ci directly interacts with the transcrip-
tional coactivator CBP to induce transcription (Akimarupolyubiquitination of Ci directs its sorting into lyso-
some. Thus, Debra defines the border of the Hh- et al., 1997).
The proteolytic processing of Ci is thus a key eventresponsive region in the A compartment by inducing
the lysosomal degradation of Ci. in the pattern formation of the wing disc. It is still not
clear, however, how the levels of the Ci-155 and Ci-75
proteins are regulated. It appears that at least threeIntroduction
components in the Hh pathway, Slimb (Jiang and Struhl,
1998), PKA, and Cos2, are required for the proteolyticIn the developing wing imaginal disc, the borders of the
A/P compartment orchestrate the interactions between processing of Ci by proteasomes. It is known that PKA
directly phosphorylates multiple sites in Ci and that thiskey regulators, and therefore, patterns form relative to
the distance from the A/P compartment border. P com- phosphorylation is essential for the proteasome-depen-
dent processing of Ci (Chen et al., 1998, 1999; Price andpartment cells continuously express engrailed (en), en-
coding a homeodomain protein (Kornberg et al., 1985; Kalderon, 1999; Wang et al., 1999). Furthermore, Slimb
contains an F box/WD40 repeat, and its vertebrate ho-Fjose et al., 1985) that in turn programs the secretion
of the signaling molecule Hedgehog (Hh) (Lee et al., molog FWD1/TRCP is a component of the so-called
SCF (Skpl, Cdc53, and F box) ubiquitin ligase complex1992; Tabata et al., 1992). The release of Hh at the A/P
boundary induces in adjacent cells the expression of that targets phosphorylated substrates for ubiquitina-
tion followed by proteasome-mediated proteolysis (Ma-the secreted protein Dpp, which is essential for the
growth of both compartments (Basler and Struhl, 1994; niatis, 1999). Here, we have identified the Ci binding
factor, Debra (determiner of breaking down of Ci activa-Tabata and Kornberg, 1994). A compartment cells ex-
press the zinc finger transcription factor Cubitus inter- tor) (Dbr), which defines the borders of this Hh-respon-
sive region by inducing the polyubiquitination of phos-ruptus (Ci) (Eaton and Kornberg, 1990; Orenic et al.,
1990), which is required in transducing the Hh signal phorylated Ci-155 in cooperation with Slimb, leading to
its lysosomal degradation.(Domı´guez et al., 1996; Alexandre et al., 1996). The cell
surface protein Patched (Ptc) inhibits the activity of an-
other cell surface protein, Smoothened (Smo), which is Results
essential for Hh signal transduction (reviewed by Ingham
and McMahon, 2001). Binding of Hh to Ptc releases the Distribution of Dbr in Wing Discs
latent Smo activity, thereby activating the transduction We performed yeast two-hybrid screening using the
pathway. Thus, Hh induces the expression of two genes, N-terminal repressor domain of Ci as bait. Of the over
dpp and ptc. 100 clones isolated, 17 clones were derived from the
In A compartment cells distant from the A/P boundary, same gene. The DNA sequence of isolated full-length
Ci is proteolytically cleaved to form a C-terminally trun- cDNA clones was confirmed to be identical with that of
cated form denoted as Ci-75 (Aza-Blanc et al., 1997). a cDNA, identified by the Berkeley Drosophila Genome
Project (Accession number: AF184228), that encodes a
1007 amino acid protein. This protein was designated*Correspondence: sishii@rtc.riken.go.jp
1These authors contributed equally to this work. as Debra (Dbr). Dbr has no obvious homology with any
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Figure 1. Dbr Is a Ci Binding Protein
(A) Binding of in vitro-translated Ci to Dbr-
resin. The relative binding activities of Dbr
are designated ,, and, which indicate
10%–20%, 4%, and1% binding of the input
protein, respectively. (Lower left) Clone-8
cells were transfected with the Flag-Dbr ex-
pression plasmid, and Dbr proteins were im-
munoprecipitated with anti-Flag antibody
and analyzed by Western blotting with anti-
Dbr antibody. (Lower middle and right) In
vitro-translated Ci (input) and Ci bound to
Dbr-resin were analyzed by SDS-PAGE fol-
lowed by autoradiography.
(B) Binding of in vitro-translated Dbr to the
GST-Ci fusions. GST-Ci containing the N-ter-
minal 440 amino acids (GST-Ci-R) or amino
acids 441–683 of Ci (GST-Ci-ZF) was used.
other known proteins, although it contains a Ser-rich ventral (V) boundary but high in the cells close to the
D/V boundary. Dbr was found in particular regions inregion (amino acids 133–230).
In vitro binding assays were performed using various the cytoplasm but not in the nucleus (see Supplemental
Figure S1B at http://www.developmentalcell.com/cgi/forms of in vitro-translated Ci and the resin containing
the full-length Dbr (Figure 1A). Both the N-terminal re- content/full/4/6/917/DC1).
Staining with the monoclonal antibody 2A1, which rec-pressor domain and the zinc finger region of Ci bound
to Dbr. We also performed GST pull-down assays using ognizes the C-terminal region of Ci, indicated that the
levels of Ci-155 are high in the Hh-responsive A compart-various forms of in vitro-translated Dbr and the GST-Ci
fusion proteins (GST-Ci-R and GST-Ci-ZF) that contain ment region close to the A/P boundary (Figure 2C). This
region poorly expresses Dbr, but 6–8 cells close to thiseither the repressor domain or the zinc finger region of
Ci (Figure 1B). The results indicated that the N-terminal region express Dbr at relatively high levels (Figures 2B–
2D). We also compared Dbr expression to the expres-243 amino acids of Dbr bind to Ci.
Antibodies raised against the GST-Dbr fusion protein sion of ptc and dpp and the P compartment-specific
genes hh and en (Figures 2E–2J). While both ptc andrecognized only one 115 kDa band in Western blotting
using whole cell lysates of Schneider cells (data not dpp were highly expressed in the A compartment cells
abutting the A/P boundary, this region poorly expressedshown). The antibody was used to stain third instar wing
discs (Figure 2A; see Supplemental Figure S1A at http:// Dbr. However, in a band 6–8 cells wide abutting the
border of this region in the A compartment, Dbr levelswww.developmentalcell.com/cgi/content/full/4/6/
917/DC1). The Dbr levels were relatively high in a band were relatively high. In the P compartment, Dbr levels
were relatively high in a band 2–3 cells wide that abutsseveral cells wide that is anterior to the central region
as well as in a narrow stripe of cells posterior to the the A/P boundary. Thus, in the A compartment, Dbr
levels are relatively high in a band several cells widecentral region. In the peripheral regions of both compart-
ments, expressions levels were relatively low. Further- that is the border of the region where Ci-155, ptc, and
dpp are highly expressed (Figure 2K).more, the Dbr levels were very low at the dorso (D)/
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Figure 2. Expression of Dbr in Wing Discs
(A–D) Expression of Dbr and Ci-155 in the wing disc. Wing disc stained with the anti-Dbr antibody ([A], green). Immunostainings of Dbr ([B],
monochrome) and Ci-155 ([C], red), and the superimposition of both stainings (D) are shown in the wing pouch. Anterior is to the left; dorsal
is up. Bars indicate the A/P boundary.
(E–J) Location of Dbr expression in the A/P compartment in the wing disc. Dbr immunostaining ([E], red), expression of ptcZ-Gal4 UAS-GFP
([F], monochrome), and hh-lacZ ([G], green) are merged in (H). Expression of dpp-lacZ ([I], green) and En immunostaining ([J], green) are
superimposed with Dbr expression (red) in (I) and (J), respectively.
(K) Schematic expression pattern of Dbr in the wing disc.
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Dbr Negatively Regulates the Expression of Hh clones of cells expressing Ci-155 reacted strongly with
the 2A1 antibody (Figure 4B). In contrast, Ci-155 levelsTarget Genes
were dramatically reduced in the A and P compartmentThe dbr gene was mapped to position 21B1-2 on the
clones that overexpressed Ci-155 with Dbr (Figure 4A).second chromosome, and a single EP element was
Less reduction of Ci-155 levels in the A compartmentfound to be closely localized to the dbr gene in the strain
than in the P compartment may be due to higher Ci-155EP(2)456 (Berkeley Drosophila Genome Project). The EP
levels in the A compartment, which expresses endoge-element of this line was remobilized, and four recessive
nous Ci-155. Thus, Dbr decreases Ci-155 levels.lethal insertion mutants that had the EP element within
One possible mechanism by which Dbr decreases Ci-the dbr locus were isolated. Of these, dbrEP9, which had
155 levels is by enhancing Ci-155 processing to Ci-75.the P element 489 bp upstream of the initiator ATG
To examine this, we made clones that overexpressedcodon of the dbr gene, was used in this study (Figure
N-terminally HA-linked Ci-155 (HA-Ci-155) (see Sup-3A). The Dbr protein in wing discs from dbrEP9 homozy-
plemental Figures S3A and S3B at http://www.gotes was undetectable by immunostaining (see Supple-
developmentalcell.com/cgi/content/full/4/6/917/DC1).mental Figure S1C at http://www.developmentalcell.com/
When HA-Ci-155 was overexpressed with Dbr, HA sig-cgi/content/full/4/6/917/DC1). Remobilization of the EP
nals were not detected, suggesting that Dbr does notelement from the dbrEP9 allele completely restored the
accumulate Ci-75 by stimulating Ci-155 processing.lethality of dbrEP9. In addition, a dbrEP9 homozygote could
This was also confirmed by investigating whether thesurvive to the pupal stage by expression of an exoge-
absence of Dbr affects the levels of endogenousnous dbr gene from the UAS-linked promoter in dbrEP9
Ci-75 (see Supplemental Figure S3C at http://www.under hs-Gal4 control (see Supplemental Data at
developmentalcell.com/cgi/content/full/4/6/917/DC1).http://www.developmentalcell.com/cgi/content/full/4/
Ci-75 acts as a repressor of Hh expression in the A6/917/DC1). These results indicate that the dbrEP9 chro-
compartment, and loss of Ci-75 in the A compartmentmosome has no other lethal mutations.
leads to the ectopic expression of Hh (Domı´guez et al.,In clones homozygous for the dbrEP9 mutation, enhanced
1996). The loss of Dbr in the A compartment did notdpp expression and low levels of ectopic ptc expression
affect Hh expression levels, indicating that Dbr doeswere observed (Figure 3B and Supplemental Figures S2A
not stimulate Ci-155 processing to Ci-75. These resultsand S2B at http://www.developmentalcell.com/cgi/
suggest that Dbr induces Ci-155 degradation, since Dbrcontent/full/4/6/917/DC1). The ectopic expression of
overexpression does not affect the lacZ expression lev-dpp was not observed in clones of dbrEP9 cells, while no
els from Ci-lacZ (data not shown).ectopic ptc expression was seen in clones away from
Next, we asked whether Dbr affects Ci-75 stability.the A/P border. On the other hand, cells that ectopically
Overexpression of Ci-75 led to decreased Hh expres-express Dbr (see Supplemental Figure S1D at http://
sion, whereas coexpression of Dbr with Ci-75 did notwww.developmentalcell.com/cgi/content/full/4/6/
affect the Ci-75-induced downregulation of Hh (Figures917/DC1 for increased levels of Dbr) have remarkably
4C and 4D). Furthermore, overexpression of Dbr did notreduced dpp and ptc expression (Figures 3C and 3D).
affect the repression of Hh expression by endogenousThus, Dbr negatively regulates the expression of Hh
Ci-75 in the A compartment (see Supplemental Figuretarget genes. In adult wings, dbr mutant clones near the
S3D at http://www.developmentalcell.com/cgi/content/A/P border were associated with pattern malformations,
full/4/6/917/DC1). Thus, Dbr does not induce the degra-whereas clones located between vein 1 and 2, which is
dation of Ci-75. To further confirm this, we coexpresseddistant from the A/P border, were phenotypically wild-
Ci-155 together with the constitutive active form of thetype (data not shown). dbr mutant cells close to the
PKA catalytic subunit and Dbr and examined the Hh ex-border induced a greater distance between veins 3 and
pression in the P compartment (see Supplemental Figures
4 and formation of extra crossvein 1 or extra vein 3 in
S3E–S3G at http://www.developmentalcell.com/cgi/
part.
content/full/4/6/917/DC1). PKA inhibits Hh signaling,
and Ci-155 is processed into Ci-75 in the PKA-overex-
Downregulation of Ci-155 Protein by Dbr pressing regions. Dbr did not abrogate the Ci-75-depen-
In the A compartment, Ci-155 levels were elevated in dent repression of Hh expression.
the clones of dbrEP9 cells (Figure 3E; see Supplemental
Figure S2C at http://www.developmentalcell.com/cgi/ Dbr-Mediated Degradation of Ci Involves Slimb
content/full/4/6/917/DC1). The increased Ci-155 levels and the PKA Phosphorylation Sites in Ci
are evident in the clone generated in the region, where We generated clones expressing the Ci4P mutant,
dbr expression levels are relatively high. In contrast, the whose four PKA phosphorylation sites are mutated to
degree of increase in Ci-155 levels is not so high in the Ala (Chen et al. 1998) (Figures 4E and 4F). When Ci4P
clones far from the A/P boundary or the clones close was overexpressed together with Dbr, Ci4P levels were
to the A/P boundary. Thus, Dbr affects the Ci-155 levels not affected. Thus, Dbr requires the PKA phosphoryla-
more strongly in the region where Dbr is expressed at tion sites in the Ci protein to degrade it. We then gener-
relatively high levels. In contrast, Ci-155 levels, which ated clones expressing the uncleavable form of Ci-155,
were monitored by the 2A1 antibody, were reduced in CiU, which contains a small deletion (from amino acid
cells ectopically expressing Dbr under the control of 612 to 760) that removes the cleavage site (Me´thot and
Actin5CGal4 (Figure 3F). However, no changes in Ci- Basler, 1999) (Figures 4G and 4H). Coexpression with
155 levels were observed in either Dbr-overexpressing Dbr did not reduce the level of CiU, indicating that the
or dbrEP9 clone cells in the P compartment. When Ci-155 cleavage site of Ci is also required for its degradation
by Dbr.alone was overexpressed in the clones of wing discs, the
Debra, a Regulator of Ci Degradation
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Figure 3. Dbr Decreases Ci-155 Levels
(A) Molecular map of the dbr locus. The open and closed bars indicate the untranslated and protein-coding regions of the dbr cDNA,
respectively. The EP element in dbrEP9 is shown by an open triangle. The basal promoter downstream of UAS at the 3 end is oriented such
that it directs the expression of dbr. B, BamHI; E, EcoRI; H, HindIII; X, XhoI.
(B) Loss of Dbr leads to the upregulation of dpp. Clones of dbrEP9 mutant cells are marked by the absence of the green GFP marker (left).
Expressions of dpp are monitored by the dpp-lacZBS3.0 transgene (dppZ) in red (center). The merged images are shown to the right.
(C and D) Overexpression of Dbr leads to downregulation of Hh target genes. Clones of cells expressing dbr marked by GFP (green) are
induced by combining Act5CyGal4 UAS-GFP with dbrEP9 in which the UAS of the EP element directs the dbr transcription. Expressions
of dpp (C) and ptc (D) are shown by the dpp-lacZP1552 reporter (dppZ) and ptc-lacZ reporter (ptcZ) in red (right). The merged images are shown
to the left.
(E) Loss of Dbr leads to increased levels of Ci-155. dbrEP9 mutant clones marked by the absence of GFP (left, green), Ci detected by the 2A1
antibody (center, red), and the merged images (right) are shown.
(F) Overexpression of Dbr reduces the Ci-155 levels. Clones overexpressing dbr (Actdbr) visualized by GFP (left, green), Ci detected by the
2A1 antibody (center, red), and the merged images (right) are shown.
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Figure 4. PKA Phosphorylation Sites in Ci and Slimb Are Required for Ci Degradation by Dbr
(A and B) Coexpression of Dbr with Ci-155 blocks the accumulation of Ci-155. Clones overexpressing ci-155 (Actci-155) alone (B) or with
dbr (Actdbr) (A) are visualized by GFP (left, green). Ci is detected by 2A1 antibody (right, red).
(C and D) Dbr does not induce the Ci-75 degradation. Clones overexpressing ci-75 (Actci-75) alone (D) or with dbr (Actdbr) (C) are visualized
by GFP (left, green). The reporter gene activity of hh-lacZ (hhZ) (right, red) and the superimposition of both signals (left) are shown.
(E and F) Dbr does not affect Ci4P levels. Clones of cells expressing ci4P (Actci4P) alone (F) or with dbr (Actdbr) (E) are marked by GFP
(left, green). Ci-155 is stained by 2A1 antibody (right).
(G and H) Dbr does not affect CiU levels. Clones of cells expressing ciU (ActciU) alone (H) or with dbr (Actdbr) (G) are marked by GFP (left,
green). Ci-155 is stained by 2A1 antibody (right).
(I–L) Dbr overexpression does not downregulate Ci-155 in the slimb1/slimb2 wing disc. The Ci-155 levels detected by 2A1 antibody (red) in
the C765-Gal4 driver strain are similar to that in the wild-type disc (I). Ci-155 levels in anterior compartment cells overexpressing Dbr under
the control of C765-Gal4 are dramatically reduced (J). Ci-155 processing is blocked and thus Ci-155 (red) accumulates in the anterior
compartment cells of the slimb1/2 wing disc (K). Ci-155 levels are not reduced by Dbr overexpressed by the C765-Gal4 driver in the anterior
compartment cells of the slimb1/2 transheterozygous wing disc (L).
We used slimb mutants to investigate whether Slimb and 4J). To obtain slimb mutant wing discs, two alleles
of slimb were used: slimb1, which behaves like a hypo-is also required for the degradation of Ci-155 by Dbr.
When Dbr was uniformly overexpressed in wing discs morph, and slimb2, which seems to eliminate all gene
function (Jiang and Struhl, 1998). slimb1/slimb2 transhet-using the C765 Gal4 driver line (Nellen et al., 1996), the
Ci-155 protein was almost completely lost (Figures 4I erozygous individuals survive to the pupal stage, and
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Figure 5. Dbr and Slimb Cooperatively In-
duce the Lysosomal Degradation of Ci-155
by First Ubiquitinating It
(A) Downregulation of Ci-155 levels by Dbr.
Clone-8 cells were transfected with the HA-
Ci-155 expression vector (10 g) with the Dbr
expression plasmid (0, 1, 4, 6, and 10 g).
Whole cell lysates were used for the Western
blotting with the anti-HA antibody. To confirm
the amounts of proteins used, the proteins
were analyzed by SDS-PAGE followed by
Coomassie staining (lower).
(B) Half-life of Ci-155. Clone-8 cells were
transfected with the HA-Ci-155 expression
plasmid (8 g) with the Dbr expression plas-
mid (8 g) or the empty vector, and pulse-
chase labeled with [35S]methionine. At various
times after the chase, Ci-155 protein levels
were examined by immunoprecipitation and
plotted below.
(C) Dbr does not induce Ci-75 degradation.
Transfection and Western blotting were per-
formed using HA-Ci-75 expression vector (10
g) and Dbr expression plasmid (10 g) as
described in (A).
(D) E64 blocks the Dbr-induced degradation
of Ci-155. Clone-8 cells were transfected with
the HA-Ci-155 expression vector (10 g) with
or without the Dbr expression plasmid (10
g). In some cases, the transfected cells were
treated with MG132 or E64. Ci-155 proteins
were detected by Western blotting with anti-
HA antibody.
(E) Requirement of the PKA phosphorylation
sites for Dbr-induced Ci-155 degradation.
Transfection and Western blotting were per-
formed using the plasmid expressing Ci4P
(10 g) and the Dbr expression plasmid (10
g) as described in (A).
(F) Slimb is required for Dbr-induced Ci-155
degradation. Clone-8 cells were transfected
with the HA-Ci-155 expression vector (4 g)
with or without the Dbr expression vector (4
g) and increasing amounts of slimb double-
stranded RNA (0, 0.01, and 0.1 g). Western
blotting was performed as described above. The amount of endogenous slimb mRNA was examined by RT-PCR analysis.
(G) Requirement of both Dbr and Slimb in the ubiquitination of Ci-155. Clone-8 cells were transfected with the plasmids indicated above each
lane. The amounts of each plasmid used are: HA-Ci, 8 g; Myc tag-linked ubiquitin, 4 g; Dbr, 4 g; Slimb, 4 g. In some cases, 0.1 g
of double-stranded Slimb or Dbr RNA was added. Transfected cells were treated with E64 as described in (D). Whole cell lysates were
immunoprecipitated with the anti-HA antibody, and the immunocomplexes were analyzed by Western blotting with the anti-Myc antibody.
(H) Polyubiquitination of Ci-155 is required for the Dbr-induced degradation of Ci-155. Clone-8 cells were transfected with the plasmid indicated
above, and Ci-155, ubiquitinated Ci-155, Slimb, Dbr, and ubiquitin were detected as described above.
thus wing imaginal discs can be analyzed, although their 5B). When Ci-155 was coexpressed with Dbr, its half-
morphology is different from wild-type due to the ec- life was reduced to about 1 hr. Unlike the case with Ci-
topic expression of dpp (Figure 4K; and data not shown). 155, coexpression of Dbr with the N-terminal 685 amino
When Dbr was overexpressed in slimb1/slimb2 wing acids of Ci, which resemble Ci-75, did not affect the Ci
discs, the loss of Ci-155 was not observed (Figure 4L). levels (Figure 5C).
Thus, Slimb is necessary for the Dbr-induced degrada- Notably, the effect of Dbr on Ci-155 levels was abro-
tion of Ci-155. gated if the transfected cells were treated with E64,
a cysteine protease inhibitor (Figure 5D). In contrast,
treatment with the proteasome inhibitor MG132 had noDbr Induces Lysosomal Degradation of Ci-155
effect. Furthermore, ALLN, a neutral cysteine inhibitor,by Ubiquitinating It
did not block the Dbr-induced Ci degradation (see Sup-Transfection of clone-8 cells with the Ci-155 expression
plemental Figure S4A at http://www.developmentalcell.plasmid together with increasing amounts of the Dbr
com/cgi/content/full/4/6/917/DC1). These resultsexpression plasmid resulted in a dose-dependent de-
strongly suggest that the Dbr-induced Ci degradation iscrease in Ci-155 levels (Figure 5A). The Ci-155 protein
catalyzed by the lysosomal protease which functions atexpressed from the transfected DNA was stable in
clone-8 cells, and its half-life was around 15 hr (Figure pH 4.8. In the control experiments, Drosophila Myb protein
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(dMyb), which is degraded by the proteasome system, proteins coprecipitated with Ci-155. Thus, Dbr and
was stabilized by MG132, but not by E64 (see Supplemen- Slimb cooperatively induce the polyubiquitination of Ci-
tal Figure S4B at http://www.developmentalcell.com/ 155. When CiU or Ci4P was used instead of Ci-155 in
cgi/content/full/4/6/917/DC1). Irreversibly, Drosophila the ubiquitination assays, ubiquitination of CiU or Ci4P
N-cadherin (dN-cadherin), which is degraded by the ly- was not observed at all (see Supplemental Figure S4E
sosomal system after internalization, was stabilized by at http://www.developmentalcell.com/cgi/content/full/
E64, but not by MG132. Thus, unexpectedly, Dbr ap- 4/6/917/DC1).
pears to induce the lysosomal degradation of Ci-155 To directly assess whether polyubiquitination of Ci-
rather than promoting its degradation by the ubiquitin/ 155 is required for the Dbr-induced degradation of Ci-
proteasome pathway. 155, we used the mutated ubiquitin (Figure 5H). It was
Confirming the involvement of the PKA phosphoryla- reported that polyubiquitin is generated mainly via Lys-
tion sites in the Dbr-mediated lysosomal degradation of 48 and in some case via Lys-63 in the ubiquitin molecule
Ci, we coexpressed the Ci-155 mutant with the four (Hershko and Ciechanover, 1998; Deng et al., 2000).
mutated PKA phosphorylation sites together with Dbr We generated a ubiquitin mutant in which those Lys
(Figure 5E). Consistent with the results obtained with residues were mutated to Arg. When this mutant ubiqui-
the wing discs, Dbr did not induce the degradation of tin was coexpressed, the Dbr-induced ubiquitination
this Ci mutant. We also showed that Slimb is indeed and degradation of Ci-155 were not observed. Thus,
required for the Dbr-induced degradation of Ci-155, by polyubiquitination is essential for Dbr-induced degrada-
using the RNA interference (RNAi) method (Caplen et tion of Ci-155.
al., 2000) (Figure 5F). Clone-8 cells were cotransfected When we added the PKA inhibitor (PKI) or Hh expression
with increasing amounts of the 903 bp double-stranded vector to the in vivo ubiquitination assays of Ci-155, ubiqui-
RNA of slimb cDNA together with the plasmids that tination of Ci-155 was blocked (see Supplemental Figures
express HA-Ci-155 and Dbr. RT-PCR analysis demon- S4F and S4G at http://www.developmentalcell.com/cgi/
strated that transfection with slimb double-stranded content/full/4/6/917/DC1). Hh and PKA antagonisti-
RNA decreased the endogenous slimb mRNA levels. An cally act for processing of Ci-155. Our results indicate
increase in Ci-155 levels in a manner inversely depen- that Hh and PKA also compete with each other for the
dent on the slimb RNA dose was observed, indicating Dbr-induced ubiquitination of Ci-155. We have also in-
that endogenous Slimb is required for the Dbr-mediated vestigated whether Dbr enhances the ubiquitination of
degradation of Ci-155. other proteins (see Supplemental Figure S4H at http://
It has been recently shown that ubiquitination serves www.developmentalcell.com/cgi/content/full/4/6/
as a signal for the sorting of proteins into the multivesicu- 917/DC1). When clone-8 cells were transfected with
lar body (MVB) pathway that leads to lysosomal degra- dMyb expression vector with the Myc-ubiquitin expres-
dation (Katzmann et al., 2001; reviewed by Hicke, 2001). sion vector, followed by MG132 treatment, ubiquitinated
Thus, it may be that Dbr together with Slimb induces dMyb was observed. However, ubiquitination of dMyb
the ubiquitination of Ci-155 and thereby targets it for was not affected by cotransfection of Dbr and Slimb ex-
lysosomal degradation. To test this, we assessed pression vectors. We also confirmed that the ubiquitin
whether Dbr enhances Ci-155 ubiquitination by cotrans- mutant used above blocked dMyb ubiquitination (see Sup-
fecting clone-8 cells with the plasmids to express HA- plemental Figure S4I at http://www.developmentalcell.
Ci-155, Myc-tag-linked ubiquitin, and Dbr (Figure 5G), com/cgi/content/full/4/6/917/DC1).
followed by treating with E64. Ubiquitinated proteins The roles of Dbr and Slimb in the ubiquitination of Ci-
were immunoprecipitated by anti-HA antibody, and the 155 suggest that Dbr, Slimb, and Ci-155 may form a com-
ubiquitinated Ci-155 proteins were detected by Western plex. In fact, both Ci-155 and Slimb expressed in clone-8
blotting using the anti-Myc antibody. The high molecular cells were coprecipitated with anti-Dbr (see Supplemental
weight ubiquitinated proteins were detected only when
Figure S5A at http://www.developmentalcell.com/cgi/
Dbr was coexpressed, indicating that Dbr stimulates the
content/full/4/6/917/DC1). We found that the region be-
polyubiquitination of Ci-155. Coexpression of both Dbr
tween amino acids 131 and 243 of Dbr binds to Slimband Slimb further enhanced the ubiquitination of Ci-155.
in the GST pull-down assays (see Supplemental FigureThe presence of ubiquitinated proteins with smaller molec-
S5B at http://www.developmentalcell.com/cgi/content/ular weights may result from a slow rate of degradation
full/4/6/917/DC1). We also observed that both the N-ter-after proteolysis by endoprotease(s). When similar assays
minal repressor domain and the C-terminal 550 aminowere performed in the presence of double-stranded slimb
acids of Ci, which contain the four PKA phosphorylationRNA, the Dbr-induced ubiquitination of Ci-155 was not
sites, bind to Slimb (see Supplemental Figure S5C atobserved, confirming that endogenous Slimb is required.
http://www.developmentalcell.com/cgi/content/full/4/When we performed the similar experiments first by immu-
6/917/DC1). A C-terminal fragment of the Ci4P mutantnoprecipitating with anti-Myc antibody followed by West-
did not bind to Slimb, suggesting that phosphorylationern blotting with the anti-HA antibody to detect Ci-155,
of Ci by PKA enhances the interaction with Slimb. Thus,similar signals were observed (see Supplemental Figure
Dbr, Slimb, and Ci form a complex by interacting withS4C at http://www.developmentalcell.com/cgi/content/
each other.full/4/6/917/DC1). Further, when MG132 was used in-
stead of E64, no signals of ubiquitinated Ci-155 were
observed (see Supplemental Figure S4D at http://
Dbr Is Localized in MVBswww.developmentalcell.com/cgi/content/full/4/6/
The laser confocal microscopy study using the anti-Dbr917/DC1). These results further confirmed that the sig-
nals of ubiquitinated proteins were Ci-155, not other antibody indicated that Dbr is localized in specific areas
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Figure 6. Localization of Dbr in MVBs
(A) Subcellular localization of Dbr, Ci-155, and
Slimb. Clone-8 cells were transfected with the
Dbr expression plasmid with either the Ci-
155 or Slimb expression plasmid. The cells
were immunostained with the antibodies
against the protein indicated and analyzed by
confocal microscopy. Ci and Slimb stainings
were visualized by rhodamine-conjugated
antibodies, while Dbr staining was indicated
by FITC-conjugated antibodies. Both signals
are superimposed (right).
(B) Subcellular localization of Dbr and Ci in
the wing discs. (Upper left) The frontal view of
the wing disc and the Dbr expression pattern
(red) are indicated. The dotted line shows the
location where the wing disc was cut to make
the cross-section shown to the right. The dot-
ted square points to the region examined by
electron microscopy. Anterior is to the left;
apical is up. (Ba–Bc) Immunoelectron micro-
graphs. (Ba) Dbr is localized in the mem-
branes of the MVB/late endosome structure
(arrow) away from the apical plasma mem-
brane. Dbr is not seen in the membranes of
earlier endosomes (arrowhead). Ci can be
seen on the membranes of the early endo-
some (arrow in [Bb]) adjacent to the apical
plasma membrane and the membranes of the
MBV/late endosome structure (arrow in [Bc]).
Ci is also localized in some small particles in
the cytoplasm. The nucleus in each cell is
located in the basal region outside these pan-
els. PM, peripordial membrane; L, lumen.
Scale bars, 0.5 m. (Bd–Bg) Higher magnifi-
cation of the early/late endosome structures.
The endosome structures indicated by an
arrow in (Ba), (Bb), and (Bc) are shown with
higher magnification in (Bd), (Be), and (Bf),
respectively. The arrowhead in (Bf) marks the
early endosome that has just fused with the
MVB/late endosome. (Bg) Ci staining is ob-
served in a number of luminal vesicles in the
MVB/late endosome. Scale bars, 0.1 m.
of the cytoplasm, while both the Ci-155 and Slimb pro- first sorted into early endosomes and then delivered
into MVBs/late endosomes, where Dbr induces the ubi-teins are uniformly found throughout the cytoplasm (Fig-
ure 6A). In the immunoelectron microscopy study, Dbr quitination of Ci. This is supported by the results that
Ci is concentrated on internal vesicles present in thesignals were specifically detected within the membranes
of large organelles with many vesicular inclusions that MVBs (Figure 6Bg). The ubiquitination of Ci may thus
act as a sorting signal that induces the invaginationhad a multivesicular body (MVB)/late endosome appear-
ance (Figures 6Ba–6Bd). The immunoperoxidase repre- and budding of Ci-containing vesicles into the lumen of
MVBs that are then delivered to the lysosome.senting Dbr was particularly concentrated within mem-
brane about to be internalized into the MVBs. Dbr could
not be seen on or within the membrane of the early Discussion
endosome or premature MVBs.
In the immunoelectron microscopy study, Ci signals Ci guides Hh in controlling a multitude of fundamental
patterning processes during wing disc development. Inwere detected on the membrane of MVB organelles (Fig-
ures 6Bc and 6Bf) but also on the membrane of early this paper, we have identified and characterized Dbr, a
factor that directly binds to Ci. In cooperation with Slimb,endosomes and around particle structures in the cyto-
plasm that averaged 30 nm in diameter (Figures 6Bb Dbr causes the polyubiquitination of Ci, which targets
it for lysosomal degradation. Our observations showand 6Be). Although the latter structures could not be
clearly determined due to no negative staining, they that this function of Dbr is responsible for determining
dpp expression levels and for demarcating the boundarycould be Ci complexed with Cos2, a kinesin-like mole-
cule. Thus, it may be that Ci associated with Cos2 is of the ptc-expressing region in the wing disc.
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Figure 7. Schematic Representation of the
Role of Dbr in Pattern Formation of the Wing
Imaginal Disc
Role of Dbr in Pattern Formation 1999). In contrast to ptc, the ectopic expression of dpp
was not observed in clones of dbrEP9 cells, although dppHh is thought to spread through A compartment cells,
forming long-range concentration gradients that provide expression on the A/P border was enhanced. This may
be due to the presence of Ci-75, which suppresses dpppositional information (Porter et al., 1995). In contrast
to this model, however, the two Hh target genes dpp expression but not ptc expression (Me´thot and Basler,
1999). Thus, Dbr affects the levels, but not the boundary,and ptc are highly induced in a stripe of A compartment
cells 9–10 cells away from the A/P border of the wing of dpp expression.
Increased Ci-155 levels are evident in the dbr-defi-disc. Consistent with this, the form of Ci (Ci-155) that
activates the Hh target genes is also present at high cient clones generated in the region, where Dbr protein
levels are relatively high. In contrast, the degree of in-levels in this stripe. How the border of this stripe is
determined was initially unclear, but in this study, we crease in Ci-155 levels is not so high in the clones far
from the A/P boundary or the clones close to the A/Pfound that Dbr may be involved, as it is highly expressed
in an additional stripe of A compartment cells on the boundary (see Supplemental Figure S2C at http://
www.developmentalcell.com/cgi/content/full/4/6/border of the region expressing dpp, ptc, and high levels
of Ci-155 (Figure 7). That Dbr plays a key role in de- 917/DC1). Thus, the expression pattern of Dbr is important
for its biological role. Hh prevents the Dbr-induced ubiqui-termining the border of ptc gene expression was con-
firmed when it was noted that loss of Dbr in the clone tination of Ci-155 (see Supplemental Figure S4G at
http://www.developmentalcell.com/cgi/content/full/4/of A compartment cells increased Ci-155 levels and the
low levels of ectopic ptc expression. These low levels 6/917/DC1). However, this is not due to the effect of Hh
on Dbr protein levels. Ectopic expression by UAS-hhof ptc expression may be due to the fact that PKA sup-
presses Ci-155-dependent transactivation (Wang et al., did not affect the Dbr protein levels (data not shown).
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In addition, the levels of Dbr were not affected by smo 1999; Me´thot and Basler, 1999; Wang et al., 1999). Thus,
mutations (see Supplemental Figure S6 at http:// Ci-155 levels are regulated by two separate degradative
www.developmentalcell.com/cgi/content/full/4/6/ processes. That both processes share common regula-
917/DC1), suggesting that Hh does not regulate Dbr tory elements suggests that it is likely that the events
expression. PKA is required for the Dbr-induced ubquiti- leading to the lysosomal degradation and proteasome
nation of Ci-155 (see Supplemental Figure S4F at http:// processing of Ci-155 occur in parallel (Figure 7). Since
www.developmentalcell.com/cgi/content/full/4/6/ Slimb contains an F box/WD40 repeat, and its vertebrate
917/DC1), while PKA and Hh act antagonistically (Pan homolog, FWD1/TRCP, is a component of the SCF
and Rubin, 1995; Li et al., 1995; Lepage et al., 1995). ubiquitin ligase complex, Slimb is likely to act as an E3
Therefore, Hh may block Ci-155 ubiquitination by inhib- ligase in transferring the ubiquitin moiety to Ci. In the
iting the PKA pathway. absence of Dbr, Slimb induces the proteolytic pro-
cessing of Ci-155 to Ci-75 via the proteasome (Chen et
Mechanism of Dbr-Induced Degradation of Ci-155 al., 1999), possibly by mediating limited Ci-155 ubiquiti-
The well-established function of ubiquitin is to target pro- nation that then serves as a proteolytic processing sig-
teins for degradation by the 26S proteasome (Hershko nal. When Dbr exists, Slimb cooperates to induce the
and Ciechanover, 1998). In addition to this, ubiquitin is full ubiquitination of Ci-155 that targets it for lysosomal
widely used as a sorting signal that determines the loca- degradation via MVBs. Dbr does not induce Ci-75 degra-
tion and fate of proteins (Hicke, 2001). For example, dation. We found that Slimb binds to both the N- and
ubiquitination is required for the internalization of vari- C-terminal regions of Ci-155. It may be that the binding
ous membrane receptors, including several tyrosine ki- of Slimb to Ci-75, which lacks the C-terminal region of
nase receptors. These proteins are monoubiquitinated Ci-155, is too weak to induce the ubiquitination of Ci-
at the cell surface by the ubiquitin ligase Cbl, leading 75, resulting in the maintenance of this form of Ci in the
to their internalization followed by delivery to the endo- cell.
somal system (Levkowitz et al., 1998). Ubiquitination is At present, it is not clear how Dbr enhances Ci ubiquiti-
also necessary to regulate the sorting of cargo proteins nation. The C-terminal half of Dbr shares weak homology
into MVB vesicles (Katzmann et al., 2001). Carboxypepti- with the C-terminal half of the Sec12 protein from the
dase S (CPS) is synthesized as an integral membrane yeast Pichia pastoris (37% similarity, 177 amino acids
precursor and then released from the membrane upon out of 466 amino acids) (data not shown). The yeast
fusion of the multivesicular body/late endosome with Saccharomyces cerevisiae Sec12 protein, which is an
the lysosome-like vacuole of yeast. Monoubiquitination integral membrane glycoprotein and has guanine-nucle-
of the short cytoplasmic tail of CPS is required for its otide-exchange activity, is required for the formation
sorting into MVB vesicles. The data published so far of transport vesicles generated from the endoplasmic
indicate that endocytosis requires only monoubiquitina- reticulum (Barlowe and Schekman, 1993). However, only
tion, in contrast to proteasome-mediated degradation, Pichia Sec12 contains the region homologous with Dbr
which requires the formation of relatively long polyubi- (Payne et al., 2000). This C-terminal region may be re-
quitination chains (Hicke, 2001). It is worthy to note that quired for the interaction with some components within
Dbr appears to induce the polyubiquitination of Ci to vesicles. Thus, while Dbr does not have a membrane-
direct its sorting into lysosome. spanning region, its C-terminal region could interact
Our observations reveal that Ci proteins are localized with some components inside the MVBs.
in the early endosome and MVBs while Dbr occurs only
in the MVBs (Figure 7). This suggests that Ci is first Experimental Procedures
sorted into the early endosome without Dbr, indicating
The Experimental Procedures are shown in the Supplemental Datathat ubiquitination is not required for this step. It is well
at http://www.developmentalcell.com/cgi/content/full/4/6/917/known that microtubules and the microtubule motor pro-
DC1 to save space.tein kinesin are required for efficient transcytosis and
delivery of proteins to late endosomes and lysosomes
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